Abstract: We experimentally demonstrate, for the first time, propagation loss reduction via graded-index (GRIN) cladding layers in high-indexcontrast (HIC) glass waveguides. We show that scattering loss arising from sidewall roughness can be significantly reduced without compromising the high-index-contrast condition, by inserting thin GRIN cladding layers with refractive indices intermediate between the core and topmost cover of a strip waveguide. Loss as low as 1.5 dB/cm is achieved in small core (1.6 μ m × 0.35 μ m), high-index-contrast (Δn = 1.37) arsenic-based sulfide strip waveguides. This GRIN cladding design is generally applicable to HIC waveguide systems such as Si/SiO 2 .
Introduction
High-index-contrast (HIC) strip waveguides (typically with a core-cladding index difference Δ n > 1) comprise a key component in integrated microphotonics. Compared to their lowindex-contrast (LIC) counterparts, these waveguides allow tight bending structures and small device footprint with minimized inter-guide cross talk, both essential features to compact planar photonic integration. Furthermore, the tight confinement and hence small modal volume in HIC waveguides is also critical to the operation of a number of photonic devices, including on-chip light sources [1] and nonlinear optical devices [2] . Despite these apparent advantages, the high loss in HIC waveguides arising from sidewall roughness scattering has been a major limiting factor in HIC waveguide device development. Sidewall roughness scattering is particularly severe for HIC waveguides, since the scattering loss scales with index difference [3] . LIC waveguides or rib waveguides suffer much less sidewall roughness scattering and typically exhibit lower propagation loss [4] but they lack the aforementioned HIC-device advantages. Thus to make HIC devices viable, an effective solution is to develop surface smoothing techniques to remove sidewall roughness. A number of methods have been demonstrated in different material systems for waveguide surface roughness reduction, including oxidation smoothing [5] , post-fabrication wet etching [6] and hydrogen annealing [7] in Si/SiO 2 systems, and reflow in polymer [8] and glass materials [9] . However, some of these methods involve high temperature processing and hence pose integration challenges with other planar photonic and electronic devices. To maintain the advantage of planar integration over a wide range of material systems, an efficient loss reduction technique that is universally applicable to all HIC material systems is highly desirable.
Here we present a novel loss reduction scheme involving a graded index (GRIN) cladding design. Although we successfully demonstrate the design concept in As 42 S 58 chalcogenide strip waveguides, this design can be applied to any other HIC material system as well, provided that suitable graded index cladding layer compositions can be identified. Traditionally GRIN configuration and index profile engineering have been widely employed in fiber formation to minimize modal dispersion. In a planar configuration, GRIN structures are naturally formed in a number of diffusion-based processes typified by ion exchange. However, waveguides formed by ion-exchange typically exhibit an index contrast smaller than 0.1, and thus roughness scattering is often not a major concern to be addressed. Instead of using diffusion-based technology, in this paper, the high-index-contrast As 42 S 58 strip waveguides are fabricated on a silicon platform via lift-off, a process compatible with highvolume complimentary-metal-oxide-semiconductor (CMOS) fabrication, as we have recently demonstrated [10] . The reason to use glassy materials in this demonstration is three-fold: the amorphous nature of chalcogenide glasses (ChG's) facilitates the deposition of multi-layer thin films on the same substrate without lattice match constraints; glass alloys with different compositions provide a wide range of refractive index values (Table 1) , offering the possibility of continuous index variation for different core to cladding material combinations; and ChG's have received considerable attention for applications in microphotonic devices in recent years due to their unique properties such as high infrared transparency, large optical nonlinearity, capability of variations of properties, almost unlimited ability for alloying, and photosensitivity [11] . Fiber-based photonic devices such as fiber optical sensors [12] and alloptical switches [13] , which utilize these unique properties of ChG's, have already been demonstrated. Nevertheless, planar chalcogenide waveguide-based devices remain much less explored, despite their distinct advantages over their fiber counterparts, including superior mechanical robustness, ease of integration with other on-chip devices and the ability to take advantage of economies of scale enabled by leveraging on large-scale wafer processing. A major hurdle towards realization of these planar devices still remains the relatively high optical loss in waveguides compared to fibers, and thus loss reduction designs are highly desirable. In this paper, we demonstrate effective transmission loss reduction in As 42 S 58 waveguides through the application of GRIN cladding layers. 
Graded-index cladding waveguide modal analysis
According to volume current theory [3] , the scattering loss from waveguide sidewalls is proportional to the equivalent polarization current densities on rough surfaces:
is the refractive index deviation from perfectly smooth waveguide due to sidewall roughness, and E g is the guided mode of the smooth waveguide. The index deviation δ n 2 is directly related to roughness amplitude as well as index difference between core and cladding. The equation indicates two ways to reduce the scattering loss caused by the equivalent surface current, J rough : reducing the index deviation (i.e. reducing roughness or index contrast) or reducing the field E g at interfaces. Reducing surface field amplitude E g through careful waveguide design can minimize the interaction of optical mode and rough waveguide sidewall. Adiabatically increasing waveguide width is one solution reported previously [15] . However, multi-mode effects limit the application of this scheme to straight waveguides without bends.
Here we present a more universal approach using a graded index cladding design. Both index contrast Fig. 1(b) , together with the field distribution in the absence of GRIN cladding layers for comparison, both computed using a full-vectorial mode solver with perfectly matched layer (PML) boundary [16] . It is evident that GRIN cladding layers decrease the field amplitude at the core/cladding interface. In an ideal case the post-etch deposited oxide layer should have negligible surface roughness, and a theoretical analysis using volume current theory taking into account the different radiation efficiency of current sources on GRIN layer interfaces has predicted a quasi-TE mode loss reduction of 55% for the As 42 S 58 waveguide structure shown in Fig. 1(a) , compared to waveguides without GRIN cladding layers. It should be noted though, that if the GRIN cladding layers have rough surfaces, the desired effect of loss reduction may be partially cancelled out. One important feature of the GRIN cladding design is the reduction of index contrast, and hence scattering loss, while still maintaining highly confined optical guiding, featured by strong optical power confinement in the waveguide core and the ability to tolerate tight bends. 
Waveguide fabrication and characterization

Waveguide fabrication
Bulk chalcogenide glasses are prepared using a traditional chalcogenide melt-quenching technique. From this bulk high-quality thin films are deposited onto 3 μ m-thick oxide-coated Si wafers (Silicon Quest International Inc.) using thermal evaporation. Details of the bulk sample preparation and film deposition process may be found elsewhere [17, 18] . The refractive index of the as-evaporated films at 1550 nm wavelength is determined using a Metricon 2010 prism coupler. In this study, the waveguide core is made of thermally μ m are fabricated using lift-off technique on a 500 nm CMOS line. The lift-off process has been described in detail elsewhere [10] . The GRIN layers are subsequently deposited on patterned waveguides to form conformal coatings over the As 42 S 58 core. It is worth pointing out that argon gas is intentionally introduced into deposition chamber during Ge 17 Sb 12 S 71 GRIN cladding evaporation in order to maintain the evaporated gas phase in a viscous flow regime and thus leads to uniform step coverage. Both Ge 17 Sb 12 S 71 and oxide GRIN cladding layers have a thickness of 35 nm each. Figure 3(a) shows a top view SEM image of a bent section of a 0.75 μ m wide GRIN cladding waveguide, indicating excellent pattern fidelity from the lift-off process, and a cleaved waveguide facet in Fig. 3(b) shows the GRIN cladding layers over the As 42 S 58 core. 
Waveguide characterization
Waveguide transmission loss measurements are performed on a Newport AutoAlign workstation in combination with a JDSU SWS tunable laser. Lens-tip fibers are used to couple light from the laser into and out of the waveguides. Reproducible coupling between waveguides and fibers is achieved via an automatic alignment system with a spatial resolution better than 50 nm. Optical loss in the waveguides is measured by a cutback method using paper-clip waveguide patterns. Loss measurements on As 42 S 58 waveguides without GRIN cladding layers are repeated twice consecutively to make sure no oxidation effects interfere with the measurement. Each loss number reported in this paper is averaged over > 25 waveguides. Roughness of the multiple interfaces between core and GRIN cladding layers is measured using a Digital Instruments Nanoscope IIIa Atomic Force Microscope (AFM), yielding RMS roughness values of (10 ± 2) nm, (10 ± 2) nm and (8 ± 2) nm for As 42 S 58 -Ge 17 Sb 12 S 71 interface, Ge 17 Sb 12 S 71 -oxide interface and oxide surface, respectively. The scans are performed parallel to the direction of the waveguides using the tapping mode.
Results and discussion
Measured transmission losses at 1550 nm wavelength, in As 42 S 58 waveguides without GRIN cladding layers, As 42 S 58 waveguides coated with a single Ge 17 Sb 12 S 71 GRIN layer, and waveguides coated with Ge 17 Sb 12 S 71 /SiO 2 bilayers, are shown in Table 2 . Figure 2(b) shows the insertion loss of quasi-TE mode for the 0.75 µm wide waveguides. The experimental error arising from non-uniformities is estimated to be ±10% of the measured waveguide loss.
Generally it is evident that GRIN cladding structures significantly reduce waveguide loss, and addition of more GRIN cladding layers minimizes loss by further decreasing index and field discontinuities. After the addition of double GRIN cladding layers, quasi-TE mode loss in the 0.75 μ m wide waveguides is decreased by 36% compared to the theoretically predicted 55% reduction, and this difference results from the residual roughness on the oxide layer surface. A few observations can be made based on the measurement data: 1) transmission loss increases as waveguide width decreases for both TE and TM polarizations in accordance with our previous study [12] ; 2) TE modes are generally more lossy than corresponding TM modes although the difference diminishes as waveguide width increases or when GRIN cladding layers are applied; 3) loss reduction through GRIN cladding design is generally more significant for TE polarization. Both results 1) and 2) can be correlated to the conclusion that sidewall roughness is a major source of optical loss in these HIC waveguides. Similarly, since TE modes suffer more from sidewall scattering than do TM modes, TE modes exhibit larger loss reduction resulting from GRIN cladding layers. 
Conclusion
We have experimentally demonstrated, for the first time, waveguide loss reduction using a graded-index cladding design. By conformally coating as-fabricated As 42 S 58 waveguides with thin layers of glasses with lower refractive indices, the index and optical field discontinuity at waveguide core-cladding interfaces is minimized, which leads to significantly reduced transmission losses. Loss value as low as 1.5 dB/cm is obtained in small core (1.6 μ m × 0.35 μ m), high-index-contrast (Δn = 1.37) As 42 S 58 strip waveguides with a double-layer GRIN structure. As our modal analysis has demonstrated, such GRIN designs provide a nonmaterial-specific solution for reducing waveguide loss in high-index-contrast waveguides without compromising the requirements of tight optical confinement and compact optical guiding structures. By combining the GRIN cladding design with other post-fabrication surface smoothing techniques, HIC waveguides with much lower loss figures can be produced. Such low-loss structures can be applied in a number of technical fields such as intra-chip interconnect, biochemical sensing, optical delay lines and planar photonic device processing. endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
